The space tether net capture system is a spacecraft system with a mounting tether net for capturing targets. It has the advantages of reusability and the adaptability to capture varying targets with different geometries or flying-motion statuses. However, due to its flexible tether net, the system shows strong nonlinearity, which makes it difficult to achieve the desired control performance for rapid and accurate maneuvering; moreover, this limits the ability of the tether net system to capture fast-moving targets. This paper focused on the maneuver controller design of the space capture system with a large flexible tether net. Firstly, based on the absolute node coordinate method, the dynamic model of the space tether net system is established, which can accurately describe the geometric and material nonlinearities of the space tether net. Then, a two-loop active disturbance rejection control is proposed for the rapid and high-precision maneuvering of the flexible system; meanwhile the second-order extended state observer is designed to estimate and compensate for the tether net vibration disturbance. The simulation validated the proposed control, which could complete the rapid and accurate maneuvering and also compensate for the disturbance caused by the vibration of the flexible tether net.
Introduction
The increasing amount of space debris poses a great hidden danger to human space activities. Since space junk is mostly non-cooperative, moving or rotating fast and with various shapes, a robotic manipulator employing the rigid contact capture method has difficulty in grasping an unknown target with a fast rotating speed and unknown geometry. For this reason the space tether net capture system has been developed. Shan et al. (2016) reviewed and compared the existing technologies on active space debris capture and removal.
The research on removing debris using tethers is emerging. Williams et al. (2003) presented a new concept for the application of space tethers in planetary exploration and payload transfer. Kawamoto et al. (2006) presented precise numerical simulations for available electric currents, orbital changes, tether stability and deployment dynamics. Tethers are modeled as lumped masses to take into account tether flexibility, and environment models (changes in the plasma density and geomagnetic field and so on) are also considered. Modi et al. (1992) analyzed the performance of the thruster control, tension control and offset control strategies during retrieval of the tether. Misra (2008) researched the dynamics and control of two-body and n-body tethered satellites and various control schemes to stabilize the dynamics during retrieval of the sub-satellite are described. Zhang et al. (2017) developed a brand-new space robot system called the maneuverable tethered space net robot. In addition to the advantages inherited from the tethered space net, extra maneuverability in the tethered space net robot allows for further possibilities for debris capture. Shan et al. (2017) investigated the deployment dynamics of the tether nets, and they found four deployment parameters are critical to the deployment. These are the maximum net area, deployment time, traveling distance and effective period. They modeled the tethered net based on the absolute nodal coordinates formulation (ANCF) to describe the precise dynamics of the tether. Zhai et al. (2009) modeled the tether net system in the orbital frame by applying Lagrange equations, and an integrated control scheme was proposed introducing the thrusters which was effective for in-plane libration damping and enabled the capture net to track an expected trajectory.
The space ejecting flying tether net (Shan et al., 2017 ) could deploy the flying tether net driven by ejecting mass connected to the corner of the tether net on orbit. Then the net will fly to the target uncontrolled and on its own. It cannot be reused and cannot maintain the configuration during flying, so the flying tether net requires a precise ejecting direction and velocity to capture the target. On the other hand, the space maneuvering flying net (Zhang et al., 2017) could control the tether net configuration by the maneuvering the sub-satellite at the edge corner of the tether net. Although it can maintain or change the net configuration during flight, it can not be reused; moreover, the cost of sub-satellites is high, and the control schema for the whole system consists of a flexible tether net, and multi-satellites are complicated.
The Space-Inflated Tether Net Capture System (SITNCS) could be deployed to an umbrella-like capture structure by inflating the inflatable rods, and then the target could be wrapped and captured by tightening the edge cables. After transferring the target to the desired orbit, SITNCS could loosen the edge cables and deflate the inflatable rods to release the target. SITNCS is controllable, stable and reusable, which makes it also more applicable.
SITNCS operates in four stages shown in Fig. 1 : inflation deployment, motorized wrapping, chasing and capturing, and transferring to another orbit. After deployment, the space tether net system has to rapidly approach to the target; the approaching procedure is seriously affected by the large amplitude and low frequency vibration of the inflatable flexible rods and tether net.
At present, the studies on SITNCS are mostly conceptual, such as RETICULAR (Ceruti et al., 2015) , REDCROC (Zinner et al., 2011) , ROGER (Bischof, 2003) and RemoveDebris (Forshaw et al., 2016) . Zinner et al. (2011) presented "Junk Hunter" which could autonomously rendezvous, capture and de-orbit orbital debris, and this system utilizes a deployable, inflatable boom structure supporting a mesh netting. The theoretical research on space flexible-tethered-net capture system is generally about the basic theory of the constructing components rather than the whole system. The inflatable rods is the supporting structure for SITNCS, which is a thin inflatable film structure with a high compression ratio and could maintain stiffness after inflation. Comer and Levy (1963) analyzed the bending stiffness of the inflated beam based on the thin membrane theory, and George (1962) analyzed the supporting rods from shell theory.
The capture tether net is an important part of the spaceinflated tether net capture system. At present, the flexibletether dynamic modeling methods are mainly in two types: a mass-spring model (MS) (Benvenuto et al., 2015) and the absolute nodal coordinate formulation (Gerstmayr and Shabana, 2006) . The advantage of the mass-spring method is that it is simple to model and computationally efficient. However, its disadvantage is that the simulation accuracy is low. The ANCF employs the spatial absolute coordinates and its gradient as the generalized coordinates, which is no longer limited as the conventional finite element with the assumption of small deformation and small strains, but it can more effectively describe the large deformation and large rotation of the tethers.
The space-inflated net capture system contains the largesized inflatable beams and flexible rope nets, and the system exhibits strong nonlinearity and uncertainty. During the attitude maneuvering process, the flexible capturing mechanism vibration makes it difficult for the capture system to achieve fast and accurate attitude maneuver control, thereby limiting the system's ability to capture the target. The traditional PID (proportional-integral-derivative) controller cannot meet the requirements due to its inability to compensate for the disturbances. The active disturbance rejection control (ADRC) could estimate the external disturbance from the vibration of the tether net and compensates for the disturbance in the meantime, which is suitable for high-precision attitude control of the space-inflation rope capture system.
The control for SITNCS makes the spacecraft chase the target since the tether net has large deformable cables which would disturb the attitude of the spacecraft and may cause the spacecraft to fail to capture the fast-moving target. Meanwhile SITNCS will unavoidably undergo the uncertainties and disturbance of the vibrating tether net during capture which would significantly limit the ability of the chasing spacecraft; the traditional PID controller cannot meet the requirements due to its inability to compensate for the disturbances. However, the active disturbance rejection control, which could handle the unknown and time-varying uncertainties and disturbances, is a potential method. The ADRC includes three components, the tracking differentiator (TD), extended state observer (ESO) and nonlinear state error feedback (NLSEF), and has been widely used in industrial applications (Przybyła et al., 2012; Ruan and Li, 2007) , which significantly improves the control performance with a good robustness and adaptability. Zhong et al. (2015) proposed a fuzzy ADRC controller for satellite attitude control. Research has been done to solve the attitude control of the spacecraft; Li (2009) and Li et al. (2009) used active disturbance rejection control to get high pointing accuracy and rotation speed for spacecraft with flexible appendages with a small deformation. The control of a large deformable tether net still lacks sufficient research.
Based on the active disturbance rejection control, this paper focuses on the rapid maneuvering of SITNCS with a large deformable tether net. The main contributions are as follows:
1. Based on the absolute node coordinate formulation, the precise dynamic model of SITNCS consists of a spacecraft, inflated boom and flexible tether net, which can accurately present the nonlinear characteristics of the space tether net capture system (Sect. 2). 
A double-loop active disturbance rejection controller is
proposed for the rapid maneuvering of SITNCS, while a transition process is arranged by the TD1 to reduce the vibration of the flexible-tether-net capture system. A second-order divergence observer is employed to estimate and compensate for the disturbance of the space tether system during rapid maneuvering (Sect. 3).
3. Good performance of the proposed method is achieved and validated by simulation, which could control SIT-NCS for fast and high-precision maneuvering; meanwhile, the vibration disturbance could be effectively suppressed (Sect. 4).
Dynamic modeling of SITNCS
SITNCS consists of a service spacecraft and a capture mechanism with four inflatable rods supporting the trapezoidal prism tether net (Fig. 2) . We make the following assumptions to simplify the analysis:
Assumption 1. The service spacecraft is simplified as a single rigid body, regardless of other appendages other than the flexible-tether-net capture mechanism.
Assumption 2. The inflatable beam has been inflated and is able to maintain the internal pressure, which could support the tether net forming a capable capturing configuration.
Assumption 3. There is only a focus on the attitude control of SITNCS, and there is a disregard for the coupling with orbital dynamics. The reference coordinate system is shown in Fig. 2 , where o is the global inertial coordinate system, b is the service spacecraft coordinate system located at the center of the spacecraft, c is the capture mechanism coordinate system and R i is the vector of material point i in the flexible tether. The following is a dynamic modeling and analysis of SIT-NCS, which consists of three parts: the inflatable beam, the tether capturing system and the whole system of SITNCS.
Equivalent model of the inflatable rod
The analysis of conventional inflatable structures is mostly based on the finite element model, but this cannot be easily and efficiently employed for a rigid-flexible-control coupling model of the spacecraft with a large flexible-tether-net system. Therefore, this paper conducts an equivalent modeling analysis based on the ideal-pressure charging theory for inflatable structures.
The bending failure process of the inflatable rod is divided into two parts: the linear load-bearing phase and the buckling failure phase. In the linear load-bearing stage, the deformation of the inflatable beam is small; no wrinkles are formed on the pipe wall; and the inflatable beam exhibits overall buckling. In the buckling failure stage, the inflated beam undergoes large deflection deformation, and the inflatable beam will produce wrinkles in some parts; that is, local buckling and the wrinkle area will no longer participate in the bearing. When the pleated area extends over the entire circumference of the inflatable beam section, the inflatable beam loses its load-carrying capacity (Comer and Levy, 1963) .
In this paper, the case is where the inflatable rod is completely inflated and the deformation is small, so the inflatable beam is in the linear load-bearing stage, and the bending stiffness is approximately constant under the allowable air pressure. At this time, the inflatable beam can be equivalent to the Euler-Bernoulli beam.
The bending stiffness of the equivalent beam could be modeled and depends on the section and material properties of the inflated beam. Considering that the bending stiffness of the inflatable beam E i I i and the equivalent beam E e I e are equal, the elastic modulus E e of the equivalent beam is
where D and d represent the outer diameter and inner diameter of the inflatable beam, respectively, and E i is the elastic modulus of the inflatable-beam material. It can be found that the factors affecting the bending behavior of the inflatable beam in the linear load-bearing stage are mainly the material itself and the shape of the section, and the overall buckling is independent of the inflation pressure.
Dynamic modeling of the tether net using the ANCF
In this section, the dynamic model of the tether has been established based on the ANCF (Gerstmayr and Shabana, 2006) , which can describe the large flexibility and large deformation of the space tether net. The configuration and node numbering of the tether net are shown in Fig. 3 .
The numbering rule of one side surface is shown in Fig. 4 and Table 1 ; the nodes are k N j i (k = 1, . . ., 4, i = 1, . . ., p, j = 1, . . ., (p − (i − 1)) · 2 + 1), where k is the surface index, i is the row index of kth surface, j is the row index of kth surface and p is the row number (e.g., p = 10 in Fig. 4) .
The rods consists of the supporting rods and warping rods, where the supporting rods are k b1 m (m = 1, . . ., p − 1) and Beginning node k N m
the warping rods are k b2 n (m = 1) and k b3 n (m = 5), n = 1, . . ., (p − (m − 1)) · 2. The horizontal tethers are k c1 n i (i = 1, i = 5), where the vertical tethers are k c2 j i (i = 1). A flexible cable element considering the axial and bending deformation is obtained on the basis of the theoretical hypothesis of a Euler-Bernoulli beam. Figure 5 shows the undeformed and deformed configurations of the threedimensional cable element using two nodes.
Set the length of the element as L and the generalized coordinates of the cable element to be
where j r and j r x represent the position vector and gradient vector at the end point, respectively. The position vector of the cable element at a point on the axis of the cable element can be expressed in generalized coordinates as
where S(x) is the shape function of the three-dimensional flexible ANCF cable element. The kinetic energy of the flexible element can be written as follows: where ρ and A are the density and cross-sectional area of the cable element, respectively, and j M = L 0 ρ(AS T S)dx is the constant mass matrix of the ANCF cable element.
The elastic energy of the flexible cable element is
where E is the modulus of elasticity, J κ is the moment of inertia of the flexible cable section, j ε 0 = j r T x j r x −1 is the axial strain and j κ = j r x × j r xx / j r x 3 is the curvature.
The total kinetic energy and strain energy of the system can be written as follows:
Since the dynamics of the element are described by generalized coordinates varying with time, the dynamic equations of the rigid body and flexible body are as follows:
where Q e is the generalized force vector, λ is the Lagrange multiplier, C is the constraint equation, and q and λ are both unknown quantities. It is derived from the expressions of kinetic energy and strain energy.
The dynamic equation of the flexible cable system can be written as follows:
Design of the control laws
In this section, a double-loop controller based on the active disturbance rejection control is proposed for SITNCS.
Spacecraft dynamics
The space-inflated unwinding tether net capture system consists of large-scale flexible inflatable beams and a tether net. The relationship between beam nodes makes the dynamic model very complex and computationally inefficient, which also cannot be directly applied to the design of the control system. The attitude dynamics model considering the rigidflexible coupling used for controller design (Di Gennaro, 2003) would be expressed as
where J is the moment of the inertia matrix, u is the control torque, d is the external disturbance, δ is the coupling matrix between the spacecraft and the flexible mechanism, η is the flexible modal coordinates, C is the damping matrix, and K is the stiffness matrix. While J 0 is the nominal inertia and J is the unknown inertia, the equation could be derived as
This yields
The attitude dynamic equation of satellite is given bẏ
where θ = [γ ψ φ] T is the attitude angle of the satellite, γ is the roll angle, ψ is the pitch angle and φ is the yaw angle. R is given by
so the satellite dynamic equation is
Design of the proposed ADRC control
From the system dynamics in Eq. (15), it is shown that the system is a typical cascade system. Considering that the angular velocity ω and attitude angle θ of spacecraft are measurable, a double-loop controller based on active disturbance rejection control for the spacecraft attitude is proposed. In Fig. 6 the transient procedure is first arranged by the tracking differentiator and then the external-loop feedback controller output virtual angular speed ω * . Internal-loop feedback is designed by the ADRC. System uncertainties and disturbances are estimated by the extended state observer and compensated for during each sampling period, with the result of achieving a good tracking effect for the angular velocity ω * . The controller consists of an arrangement of the transient procedure, angle feedback law of the outer loop and disturbance compensation.
Arrangement of the transient procedure
The purpose of arranging the transition process is to reduce the initial control impact in the beginning stage caused by initial errors, which effectively handles the dilemma between overshoot and rapidity. The TD1 is as follows
where v(t) is the input signal, x 1 is the estimated value of v, x 2 is the derivative of v, h is a simulation step, r is the speed factor and h 0 is the filtering factor. The fhan is defined as follows:
|y|) a 2 = a 0 + sign(y)(a 1 − d)/2 a = (a 0 + y)fsg(y, d) + a 2 (1 − fsg(y, d) ) fhan = −r( a d )fsg(a, d) − r sign(a) (1 − fsg(a, d) )
, (18) where fsg(x, d) = (sign(x + d) − sign(x − d))/2. Remark 1. The two-order steepest nonlinear tracking differentiator is used to avoid the vibration of the tether net system. If h 0 > h, the TD enables the filtering function.
Angle feedback law of the outer loop
The feedback control law of the outer loop is designed for the angular error of the spacecraft, resulting in the virtual control volume ω * in the inner loop. The outer-loop angle feedback control law is
where k 1 = diag{k 11 , k 12 , k 13 } is a gain matrix for adjusting the speed of tracking the desired value of attitude angle.
fal(e, α, δ) =   fal(e 11 , α, δ) fal(e 12 , α, δ) fal(e 13 , α, δ)   The function fal is a nonlinear function, and its form is as follows:
where e is the state error 0 < α < 1, 0 < δ.
Remark 2. Because R(θ ) could be calculated, the virtual control variable ω * could be compensated for by this ascertained function. Then Eq. (13) could transform intȯ θ = k 1 fal(θ d − θ, α, δ). The nonlinear feedback control law is adopted so that θ will track θ d .
Extended state observer design
By using the input and output data of the spacecraft, the ESO could estimate the angular velocity ω and the internal and external disturbances of the system in real time. By expanding the first-order system of Eq. (12) into a two-order system, we can get
A discrete two-order expansion observer is designed as follows:
Remark 3. The observer states z 1 and z 2 converge to the state variables ω and d , respectively. β 1 and β 2 are ob- Remark 4. The resulting observer estimation error system for errors ξ 1 = z 1 − ω and ξ 2 = z 2 − d takes the following form:
If β 2 ḋ , the errors ξ 1 and ξ 2 converge to the zeros. The ESO would achieve good performance, which means z 1 → ω and z 2 → d . In practical systems, the signals measured by the sensors are unavoidably noisy, which will bring unpredictable disturbances to the controller. The filters need to be designed to extract or restore the original signals from noisy signals. The filter is established by the tracking differentiator.
Remark 5. The TD2 is used for noise filtering because of its simplicity and ease of use. The original values would not be delayed in predicting the differential signal v 2 and prediction step k 0 . So the ESO when the system output is polluted by the noise is designed as follows:
.
(25)
Disturbance rejection and compensation
The ESO can estimate the total disturbance value z 2 in real time, and then the active disturbance rejection function can be achieved by compensation in the control law. The innerloop angular velocity feedback control law is 
where k 2 = diag{k 21 , k 22 , k 23 } is the gain matrix.
Remark 6. Bringing Eq. (24) into Eq. (20), we getω = k 2 fal(e 1 , α, δ)+d −z 2 ; when the estimated error is small enough,ω = k 2 fal(e 1 , α, δ). It can be proved that ω can track ω * .
Considering the above design procedure, the ADRC law for the spacecraft is obtained as follows:
Numerical simulation and analysis
While SITNCS is approaching a fast-moving target, there are many factors which may lead to the system failing to complete the operation. In this section, the PID controller (Wie et al., 1989) is addressed for comparison, and the performance of the ADRC is validated, which could meet the requirements for a rapid attitude maneuver. 
Simulation parameters
The service spacecraft is assumed to be a single rigid body which is represented by a cuboid with dimensions of 2.5 m × 2.5 m × 4 m. For the capture mechanism, the length of its short side is l d = 0.4 m; the length of its long side is l u = 4 m; and its height is h = 4 m. The constraint between the inflatable rods and tether net is a spherical joint. The constraint between the inflatable booms and the satellite is fixed. Based on the special requirement of the space environment, the polyimide material is used for the inflatable rods, and the aramid fiber material is chosen for the net. The equivalent parameters of the system with an internal pressure of 25 KPa are listed in Table 2 .
Assuming the moment of inertia of the capture mechanism is unknown, the main parameters of the spacecraft are listed Table 3 , which are the moment of inertia of the spacecraft J , environmental disturbance torque d, initial attitude angle θ , initial angular velocity ω, expected attitude angle θ d and expected angular velocity ω d .
It is reasonable to assume that the signal of the sensor is disturbed by white noise with a peak value of 0.1 % as its the output. The sampling period is h = 1 ms. The parameters of the PID controller are K p = diag{1152, 1024, 1260} and K d = diag{1440, 1280, 1600}. The parameters of the ADRC are listed in Table 4 .
Attitude control of the spacecraft based on the ADRC
It is assumed that the moment of inertia of the satellite can be accurately obtained and that of the capture mechanism is unknown. t td is the transition time arranged by the TD1. t θ is defined as the transition time when the attitude error is stable and is between −10 −4 and 10 −4 rad s −1 . The simulation time is 20 s. Comparing the two control schemes, the simulation results of the attitude tracking and steady-state error of the spacecraft are shown in Figs. 7 and 8 . The ADRC has excellent 
Name
Value TD1 r = 0.005, h 0 = h TD2 r = 800, h 0 = 8h, k 0 = 5 ESO β 1 = 50, β 2 = 25, α = 0.5, δ = 5h Angle feedback k 1 = diag{1, 1, 1}, α = 0.5, δ = 5h Angular-velocity feedback k 2 = diag{9, 9, 9}, α = 0.5, δ = 5h Figs. 9 and 10 . The ESO can get the estimated value of the attitude angular velocity of the spacecraft and the disturbance caused by the flexible vibration of the capture mechanism. The maximum amplitude of disturbance can reach 6 N m, which would bring non-negligible disturbance to the satellite platform control.
If the TD2 is not used for filtering, we can get the filter performance of the controller. Figure 11 is the original control torque, and Fig. 12 is the control torque after using the filter. It shows that the noise has a great influence on the ADRC. Through filtering, the high-frequency vibration of the torque control is obviously suppressed, which is beneficial to the use of the actuator.
The flexible vibration of the inflatable rods and the tether net is accompanied with the attitude maneuver of the satellite. The largest deformation occurs in the connection point between the inflatable rods and the satellite, resulting in considerable tension and torque. In Figs. 13 and 14 , the maximum tension is about 110 N, and the maximum torque is about 450 N m. Therefore, according to the material strength loading limit, it can be asserted whether the stress exceeds the stress limit of the inflatable rod. Otherwise, the applicable way is to increase the transition time to reduce the acceleration.
The whole procedure is shown in Fig. 15 . It can be seen that the flexible capture mechanism vibrates in terms of the satellite attitude maneuver, but its amplitude is relatively small, which can maintain the configuration and tend to be stable.
Robustness of a larger SITNCS
In order to adapt to the larger capture target, we can increase the size of the capture mechanism. For the controller, it means having more parameter uncertainties and distur-bances. The assumption is that l d = 0.8 m, l u = 8 m and h = 8 m. The simulation time is still 20 s. Figures 16 and 17 show that the transition time is t θ = [12.66 12.64 12.62] T . When the size of the capture mechanism is increased, the control performance of the system is still excellent. In Figs. 18 and 19 , the amplitude of the flexible vibration increases, while the vibration frequency decreases, which improves the estimation effect of the ESO. Therefore, the ADRC has good robustness and disturbance resistance. The simulation (Fig. 20) shows the dynamic changes of the system during the control process.
Conclusions
This paper studies the rapid maneuvering of the space capture system with flexible inflatable rods and a tether net. The two-loop active disturbance rejection control is proposed to complete the rapid and high-precision maneuvering for the space-inflatable tether net capture system; meanwhile the second-order observer is designed to estimate the tether net disturbance, for which could be compensated. The proposed control method could not only achieve the desired performance, but it also could be robust within the disturbance from the flexible-tether-net vibration.
